Alcan I n t e r n a t i o n a l L t d . , Southam road. B a n b u r y , GB-Oxon OX16 7SP. G r e a t -B r i t a i n ABSTRACT This paper focuses a t t e n t i o n on t h e manufacturing, mechanical p r o p e r t i e s , and m i c r o s t r u c t u r a l a s p e c t s of 8090 and 8091 a l l o y s i n the extruded form. The paper draws upon t h e experience of commercially extruding t h e a l l o y s a t Alcan High Duty E x t r u s i o n s and upon the r e s u l t s of e x t r u s i o n trials c a r r i e d out by Alcan I n t e r n a t i o n a l .
INTRODUCTION
The background t o t h e development f he Al-Li-Cu-Mg-Zr a l l o y s , designated 8090 and 8091 has been reported and i n i t
i a l d a t a has been presented t o show t h e p r o p e r t i e s which can be ~b t a i n e d ( l ,~'~) . T h i s paper d e a l s w i t h the p r o p e r t i e s of e x t r u s i o n s . The e x t r u s i o n of 8090 and 8091 a l l o y s has been found t o be r e a d i l y achieved i n commercial p r a c t i c e , except f o r r e c t i f i c a t i o n , where t h e high modulus can l e a d t o d i f f i c u l t i e s i n maintaining t h e high t o l e r a n c e s r e q u i r e d f o r aerospace a p p l i c a t i o n s . The work r e p o r t e d h e r e i n concerns both t h e e f f e c t of e x t r u s i o n c o n d i t i o n s and p o s t e x t r u s i o n h e a t treatment on m i c r o s t r u c t u r e and mechanical p r o p e r t i e s .

Parson e t a1(4*5) have shown t h a t e x t r u s i o n c o n d i t i o n s a f f e c t t h e m i c r o s t r u c t u r e and p r o p e r t i e s of A1-Li-Cu-Mg a l l o y s but have not s t u d i e d t h e compositions developed by
Alcan. M i c r o s t r u c t u r a l f e a t u r e s of importance t o both t h e s t r e n g t h and f r a c t u r e toughness of t h e s e a l l o y s which a r e determined by changes i n t h e e x t r u s i o n c o n d i t i o n s a r e sub-grain s t r u c t u r e and t h e degree of r e c r y s t a l l i s a t i o n .
Extrusion t r i a l s were c a r r i e d out under a wide range of processing conditions t o produce m a t e r i a l w i t h v a r i a t i o n s i n m i c r o s t r u c t u r e . The e x t r u s i o n conditions were chosen t o cover t h e range of v a r i a b l e s encountered i n commercial p r a c t i c e . The e f f e c t of t h e s e v a r i a b l e s on m i c r o s~r u c t u r e and mechanical p r o p e r t i e s is d e t a i l e d i n t h i s paper.
Data is a l s o presented from commercially produced e x t r u s i o n s . M a t e r i a l from t h i s source has been used t o show how a s p e c t r a t i o , s e c t i o n t h i c k n e s s , and post e x t r u s i o n h e a t treatment i n f l u e n c e mechanical properties. P a r t i c u l a r a t t e n t i o n is given to t h e F i n a l Thermo Mechanical Treatment (FTMT) and i t w i l l be shown how t h e s e f a c t o r s ( s t r e t c h i n g and ageing c o n d i t i o n s ) can d r a m a t i c a l l y a l t e r t h e balance of s t r e n g t h and toughness.
The b i l l e t employed was a l l machined from r e c t a n g u l a r s e c t i o n s l a b c a s t i n t h e A1-Li c a s t i n g c e n t r e at Alcan P l a t e , Birmingham.
EXPERIMENTAL PROCEDURE
Extrusion t r i a l s were c a r r i e d o u t on commercial e x t r u s i o n p r e s s e s . Two s e c t i o n s i z e s were used, namely 100 mm x 25 mm and 20 nrm x 2 mm. For t h e l a r g e r s e c t i o n 8090 b i l l e t s of 210 mm diameter were used ( s e e Table 1 f o r composition). These b i l l e t s were homogenised 24 h a t 5 5 5 '~ b e f o r e being preheated to the required e x t r u s i o n temperature using a gas-fired oven. The c o n t a i n e r temperature was s e t a t 380°C and a 90 mm long d i s c a r d was used. E x t r u s i o n p r e h e a t temperature was v a r i e d from 355OC t o 485OC and e x t r u s i o n speed ranged from 1.6 m/min t o 8.0 m/min. The extruded s e c t i o n s were s o l u t i o n t r e a t e d f o r 1 h r a t 52S°C, cold water quenched, and s t r e t c h e d 2.5%. Extruding 100 m x 25 nrm f l a t bar from 210 nrm diameter b i l l e t g i v e an e x t r u s i o n r a t i o of 14: 1.
The s m a l l e r s e c t i o n , 20 mn x 2 mm, was extruded from 66 mm diameter b i l l e t s ( e x t r u s i o n r a t i o 8 5 : l ) .
Both 8090 and 8091 b i l l e t s were extruded ( s e e Table 1 f o r compositions). The b i l l e t s were i n d u c t i o n preheated t o t h e r e q u i r e d temperature.
The c o n t a i n e r temperature was s e t a t 440°C and a 10 arm d i s c a r d used. Extrusion preheat temperature was v a r i e d from 400°C t o 500°C and e x t r u s i o n speed ranged from 2 mlmin t o 20 m/min.
The e x t r u d a t e was s o l u t i o n t r e a t e d f o r 15 d n s a t 54OoC, cold water quenched and s t r e t c h e d 2%.
S e l e c t e d e x t r u s i o n s were a l s o examined which had been produced under commercial e x t r u s i o n c o n d i t i o n s i n B r i t i s h Alcan. T h i s p a r t i c u l a r l y a p p l i e s t o the data on t h i c k 8091. T e n s i l e and f r a c t u r e toughness t e s t i n g was c a r r i e d out on t h e extruded s e c t i o n s .
I n t h e c a s e of the 100 mm x 25 mm s e c t i o n f r a c t u r e toughness was determined using compact t e n s i o n specimens i n accordance with ASTM E399 whereas f o r t h e 20 mm x 2 mm s e c t i o n Navy Tear t e s t s were used. The e x t r u d a t e m i c r o s t r u c t u r e was assessed using standard m e t a l l o g r a p h i c techniques. Figure 1 shows t h e i n f l u e n c e of e x t r u s i o n c o n d i t i o n s on t h e 0.2% proof s t r e s s of t h e 100 mm x 25 mm s e c t i o n a f t e r ageing 16 h r s a t 1 9 0 '~. The e x t r u s i o n c o n d i t i o n s a r e expressed a s ln(Z) where Z i s t h e temperature compensated s t r a i n r a t e defined a s ; where e* = mean e q u i v a l e n t s t r a i n r a t e OH = a c t i v a t i o n energy of deformation R = U n i v e r s a l Gas Content T = Temperature of e x t r u d a t e (OK)
RESULTS
E x t r u s i o n C o n d i t i o n s
The r e s u l t s i n F i g u r e L a r e from t h e $ width, # t h i c k n e s s t e s t p o s i t i o n . The 0.2%
P.S. i n c r e a s e s l i n e a r l y with ln(Z) e x h i b i t i n g a range of about 30-40 XPa depending o n ( l 5 s t d i r e c t i o n . T h i s o b s e r v a t i o n i s i n agreement w i t h t h e work of Parson e t a 1
and is a t t r i b u t e d t o i n c r e a s e s i n the m a t e r i a l s u b s t r u c t u r a l s t r e n g t h e n i n g component with i n c r e a s i n g l n ( Z ) . The e x t r u s i o n s a l l showed an e s s e n t i a l l y u n r e c r y s t a l l i s e d g r a i n s t r u c t u r e , t y p i c a l of t h a t shown i n Figure 5 ( a ) . For the high ( 8 5 : l ) e x t r u s i o n r a t i o 8090 20 arm x 2 mm s e c t i o n t h e r e i s a smaller change i n s t r e n g t h w i t h e x t r u s i o n c o n d i t i o n s , a s shown i n Figure 2 . This i s because the e x t r u s i o n is e s s e n t i a l l y r e c r y s t a l l i s e d , a s shown i n Figure 3 and hence sub s t r u c t u r e cannot play a r o l e i n developing t h e m a t e r i a l ' s s t r e n g t h . The 8091 a l l o y showed the same p a t t e r n of r e s u l t s but the range of s t r e n g t h with ln(Z) was n e a r l y double (i.e. 20 MPa).
Figure 4 shows t h e e f f e c t of e x t r u s i o n c o n d i t i o n s on t h e f r a c t u r e toughness of t h e
8090 100 mm x 25 mm s e c t i o n . For a wide range of preheat temperature and e x t r u s i o n speeds the f r a c t u r e toughness does not vary s i g n i f i c a n t l y with processing conditions.
Only t h e sample extruded a t high speed (5 m/min) from a high preheat temperature (485OC) showed a s i g n i f i c a n t l o s s I n toughness. This l o s s only occurred a t the e x t r u s i o n backend which would have experienced the h i g h e s t temperature due t o f r i c t i o n a l h e a t i n g e f f e c t s . ( I t i s of i n t e r e s t t o note t h a t t h i s sample was a t t h e l i m i t of v i a b l e e x t r u s i o n c o n d i t i o n s s i n c e hot t e a r i n g occurred i f t h e speed was f u r t h e r i n c r e a s e d ) . F i g u r e 5 shows the s t r u c t u r e of t h i s e x t r u s i o n a t t h e f r o n t and back ends. A s i g n i f i c a n t degree of r e c r y s t a l l i s a t i o n has occurred a t the back end which probably e x p l a i n s t h e lower f r a c t u r e toughness measured i n t h i s p o s i t i o n . Figure 6 shows t h e r e s u l t s of Navy Tear t e s t s on t h e 20 arm x 2 nrm s e c t i o n . L i t t l e o r no change i n f r a c t u r e toughness i s found with change i n e x t r u s i o n conditions.
This i s a t t r i b u t e d t o t h e f a c t t h a t the
The i n c r e a s e i n s t r e n g t h from t h e f r o n t to t h e back i s due t o the change i n ln(Z) during e x t r u s i o n which r e s u l t s i n an i n c r e a s e i n s u b s t r u c t u r e strengthening. The v a r i a t i o n ixa p r o p e r t i e s a c r o s s t h e width of t h e s e c t i o n is due t o increased deformation i n the o u t e r regions of the e x t r u d a t e which r e s u l t s i n a highly textured more f i b r o u s g r a i n s t r u c t u r e i n t h e o u t e r regions, a s i l l u s t r a t e d i n Figure 8 . The v e r y f i n e s u b s t r u c t u r e a s s o c i a t e d with t h e edge of t h e m a t e r i a l can produce a l a r g e i n c r e a s e i n t e n s i l e p r o p e r t i e s , sometimes a s much a s LOO MPa over adjacent regions. This i s i n c o n t r a s t t o a l l o y s such a s 2014 which e x h i b i t a coarse r e c r y s t a l l i s e d o u t e r band of lower s t r e n g t h . A s i m i l a r p a t t e r n of r e s u l t s i s shown i n Figure 9 f o r commercially extruded 8091. Figure 12 shows t h e e f f e c t on t e n s i l e s t r e n g t h of v a r i o u s l e v e l s of s t r e t c h . As found f o r p l a t e , high l e v e l s of s t r e t c h i n c r e a s e t e n s i l e s t r e n g t h . By c o r o l l a r y with the d a t a on p l a t e i t would be expected t h a t f r a c t u r e toughness was e s s e n t i a l l y c o n s t a n t f o r a l l t h e l e v e l s of s t r e t c h ( a t the same ageing c o n d i t i o n s ) . However, i t must be recognised t h a t high l e v e l s of s t r e t c h cannot be a p p l i e d t o a l l e x t r u s i o n s because i t may lead to problems of t o l e r a n c e c o n t r o l on complex s e c t i o n s .
. Ageing a t lower temperatures r e s u l t s i n l e s s g r a i n boundary p r e~i p i t a t i o n~'~:~a n d t h i s appears t o o f f e r the o p p o r t u n i t y t o use lower ageing temperatures (150°C o r 170°C) t o o b t a i n an improved balance of t e n s i l e s t r e n g t h and f r a c t u r e toughness i n both 8090 and 8091 extruded s e c t i o n s . Figure 10 shows t h e e f f e c t of varying ageing temperature on t h e s t r e n g t h f t o u g h n e s s r e l a t i o n s h i p f o r both 8090 and 8091 100 arm x 25 arm s e c t i o n bar. The use of such lower ageing temperatures not only g i v e s t h e o p p o r t u n i t y f o r high toughness and a c c e p t a b l e s t r e n g t h i n high s t r e n g t h tempers but a l s o t o o b t a i n a damage-tolerant temper. Figure 11 shows 8090 i n a l i g h t l y aged temper i n comparison t o 2024 T3511 d a t a from MIL.HANDBOOK V. In-plane toughness exceeds t h a t obtained i n 2024 a t higher s t r e n g t h l e v e l s while throug hickness toughness i s s i m i l a r . Fatigue c r a c k growth r a t e d a t a on p l a t e indicates?'! t h a t t h e s e l i g h t l y aged tempers do have a complete balance of damage t o l e r a n t c h a r a c t e r i s t i c s . E f f e c t of S t r e t c h i n g
An a l t e r n a t i v e way t o improve the o v e r a l l balance of mechanical p r o p e r t i e s i s t o modify the degree of cold work p r i o r t o . T h i s a s p e c t i s covered i n d e t a i l i n o t h e r Alcan papers i n t h i s conference fg:fyf
Aspect R a t i o Figure 1 3 shows how a s p e c t r a t i o a f f e c t s t h e t e n s i l e p r o p e r t i e s o f ' 8090
. This property v a r i a t i is a t t r i b u t e d t o the e f f e c t of t e x t u r e and has been discussed i n d e t a i l elsewhere?').
S e c t i o n Thickness E f f e c t s Figure 14 shows t h e e f f e c t of s e c t i o n thickness on t h e t e n s i l e p r o p e r t i e s of 8090 extruded s e c t i o n s over the t h i c k n e s s range 1. 5 
nan t o 52 mm. Lower p r o p e r t i e s a r e found a s s e c t i o n t h i c k n e s s d e c r e a s e s , which i s a t t r i b u t e d t o an i n c r e a s e i n r e c r y s t a l l i s a t i o n ( s e e s e c t i o n 1 of t h i s paper). S t a t i c r e c r y s t a l l i s a t i o n occurs i n t h i n extruded s e c t i o n s and a c o a r s e r e c r y s t a l l i s e d o u t e r band may form i f i n a p p r o p r i a t e e x t r u s i o n c o n d i t i o n s a r e used. The degree of r d c r y s t a l l i s a t i o n can be
changed by a l t e r i n g b o t h t h e h e a t i n g r a t e t o t h e s o l u t i o n h e a t treatment t r a t u r e and t h e time of t h e s o l u t i o n h e a t treatment, a s found p r e v i o u s l y f o r s h e e t ?yU. DISCUSSION The degree t o which e x t r u s i o n c o n d i t i o n s a f f e c t t h e t e n s i l e p r o p e r t i e s of both 8090 and 8091 depends on whether o r not r e c r y s t a l l i s a t i o n occurs. I n t h i c k e r s e c t i o n s ( t y p i c a l l y > 5 mm) r e c r y s
t a l l i s a t i o n i s d i f f i c u l t t o achieve e i t h e r during e x t r u s i o n o r i n post-extrusion h e a t treatment. Extrusion c o n d i t i o n s can be changed t o maximise t e n s i l e p r o p e r t i e s and f r a c t u r e toughness by c o n t r o l l i n g s u b s t r u c t u r e development, a s i s w e l l recognised f o r o t h e r aluminium a l l o y s . However, e x t r u s i o n c o n d i t i o n s must be c a r e f u l l y c o n t r o l l e d t o avoid r e c r y s t a l l i s a t i o n which adversely a f f e c t s f r a c t u r e toughness. Thin s e c t i o n s , which by t h e i r very n a t u r e a r e extruded w i t h high e x t r u s i o n r a t i o s , tend t o r e c r y s t a l l i s e and t h i s produces s l i g h t l y lower t e n s i l e p r o p e r t i e s . T h i s e f e t i s well recognised and c u r r e n t l y issued m a t e r i a l s p e c i f i c a t i o n s r e f l e c t thisf1'$.
Commercial aluminium-lithium base a l l o y s c o n t a i n zirconium which r e s u l t s i n t h e development of s t r o n g t e x t u r e s and t h i s g i v e s r i s e t o a v a r i a t i o n i n t e n s i l e p r o p e r t i e s within a s i n g l e e x t r u s i o n . It i s perhaps f o r t u n a t e t h a t lowest
s 1 s t r e n g t h p o s i t i o n c o i n c i d e s with t h e u s u a l l y s p e c i f i e d t e s t p o s i t i o n .
F r a c t u r e toughness i n t h e T-L o r i e n t a t i o n has been shown t o be low i n 8090 and 8091 e x t r u s i o n s when aged f o r 16 h a t 190°C. This can be d r a m a t i c a l l y improved by using lower ageing temperatures. This both takes advantage of t h e reduced g r a i n boundary p r e c i p i t a t i o n t o improve toughness and g i v e s more c o n t r o l over the degree of ageing allowing m a t e r i a l t o be aged t o j u s t below peak p r o p e r t i e s . The e f f e c t of such ageing tr e n t s on t h e s t r e s s -c o r r o s i o n r e s i s t a n c e of t h e s e a l l o y s is documented 7"f. The use of i n c r e a s e d s t r e t c h i n g , which i s considered b e n e f i c i a l f o r p l a t e e'sew2er~, m y o n l y be a p p l i c a b l e t o simple e x t r u s i o n s e c t i o n s .
The range over which 8090 and 8091 can be extruded t o g i v e a c c e p t a b l e t e n s i l e p r o p e r t i e s and the scope f o r post e x t r u s i o n heat treatment, which can be used t o maximise t h e f r a c t u r e c h a r a c t e r i s t i c s , i s now w e l l understood. Both a l l o y s can b e produced t o compete w i t h conventional a l l o y s both i n high s t r e n g t h and damage t o l e r a n t tempers.
CONCLUSIONS
1. Changes i n e x t r u s i o n c o n d i t i o n s have more e f f e c t on t e n s i l e p r o p e r t i e s i f t h e s u b s t r u c t u r e is r e t a i n e d .
2. F r a c t u r e toughness can be improved by reducing the time and temperature of ageing while s t i l l o b t a i n i n g a s a t i s f a c t o r y l e v e l of t e n s i l e s t r e n g t h .
Compensating f o r reduced t e n s i l e p r o p e r t i e s by i n c r e a s e d l e v e l s of s t r e t c h is u n l i k e l y t o be b e n e f i c i a l f o r a l l s e c t i o n s . 
